Pure and doped sub-nanoclusters can exhibit superb catalytic activity, which, however, strongly depends on their size, shape, composition, and the nature of the support. This work is about surface-deposited sub-nano Pt-based clusters, which are promising catalysts for the reactions of dehydrogenation. Using density functional theory and ab initio calculations, and an ab initio genetic algorithm for finding the global minima of clusters, we found a peculiar effect that Pt 5 and Pt 4 Zn clusters exhibit upon deposition on MgO(100). Both of them change shapes from the gas phase 3-D form to a planar form, and they stand upright on the support. Several reasons are responsible for this behaviour. In part, clusters go flat due to the electron transfer from the support. Indeed, the anionic Pt 5 À and Pt 4 Zn À species are flat also in the gas phase. Charging induces the second-order Jahn-Teller effect (or partial covalency) facilitated by the recruitment of the higher-energy 6p atomic orbitals on Pt into the valence manifold, and that is the reason for the planarization of the anions. Secondly, clusters maximize interactions with the surface O atoms (resulting in further favouring of 2-D structures over 3-D), and avoid contacts with surface Mg atoms (resulting in upright morphologies). † Electronic supplementary information (ESI) available: Calculated relative energies for the 2-D and 3-D isomers calculated at various levels of ab initio theory, pictures of valence MOs of the considered cluster anions in the gas phase and clusters on the support, and the picture of the valence MO of the Li 5 À cluster. See
Introduction
Small surface-deposited clusters offer exciting applications for catalysis. The catalytic properties of such nanometer and subnanometer clusters can be outstanding, but depend strongly and nonlinearly on cluster size and composition, [1] [2] [3] [4] [5] [6] [7] and also on the nature of the support. 6, [8] [9] [10] [11] [12] [13] The electronic structure of clusters is reminiscent of molecules, in that important chemical-physical properties can be understood from a molecular orbital (MO) picture, wherein the MOs will be well-separated in energy, rather than having continuous energy bands. 14, 15 The support plays the role of a ligand in very small (o1 nm) clusters, capable of actively modifying cluster structures, charge, and other properties (see e.g. in ref. 7) . In this field, ab initio theory has been utilized recently on the charge transfer from TiO 2 (110) surface to the mounted Au 20 clusters. 16 Others also have uncovered the partial charge transfer from a defected MgO(100) surface to the clusters bound to the oxygen-vacancy. 17 Such an effect acts as an essential feature for the promotion of the chemical activity of clusters. Given that the selectivity and activity of the cluster will depend upon the number of vertex and edge atoms present, quantifying support-dependent effects to the cluster morphology becomes a matter of central importance. The present work is one that addresses the fundamental understanding of the effect of the support on cluster morphology, through the insight of electronic structure.
We focus on small surface-mounted Pt-based clusters. These systems are of potential interest to reactions of catalytic dehydrogenation of alkanes, producing alkenes and hydrogen gas. [18] [19] [20] [21] [22] [23] [24] [25] [26] Not long ago, it was found that zeolites impregnated with Pt and Zn may present an inexpensive alternative to Pt-Sn-zeolites-Zn being about 10% the cost of Sn-for the dehydrogenation of alkanes; specifically for dehydrogenation of isobutane to isobutene and propane to propene. 27 Also, it was found by Galvita et al. 19 that the addition of Sn to Pt on hydrotalcite (PtSn/Mg(Al)O) promoted the activity of dehydrogenation of ethane to ethene, while simultaneously reducing coke build up when compared with Pt/Mg(Al)O. The MgO(100) surface in general is highly studied as a supporting material for metal clusters. 28, 29 Hence, motivation exists to investigate a model system of sub-nanometer Pt and Pt-Zn clusters deposited on MgO(100) surfaces. It is noted that, previously, others have shown that nanometer sized clusters of group 10 elements (in particular, clusters of Pt, Pd, and Pt-based bi-metallics) undergo morphological changes when deposited on oxide supports, including MgO. [30] [31] [32] In this report, the specific case of surface mounted Pt 5 and Pt 4 Zn clusters on MgO is shown to exhibit dramatic changes in morphology, relative to gas-phase structures, after surface deposition. This effect is explained via ab initio calculations and chemical bonding analysis.
Methods
The calculations for surface-supported clusters were performed at the DFT level with a plane wave (PW) basis set and ultra-soft pseudo-potentials implemented in Quantum Espresso. [33] [34] [35] [36] The cutoff energy for the plane wave basis set and the density was chosen to be 435 eV and 4350 eV, respectively; the Perdew-Burke-Ernzerhof (PBE) functional was employed. 37 All PW-DFT calculations were spin-polarized; spin-unrestricted calculations with fixed multiplicity were performed for gas-phase clusters. The MgO(100) surface was modelled by a slab with 3 Â 3 Â 3 unit cells per supercell and a 1 Â 1 Â 1 Monkhorst-Pack grid with shifts in k x and k y . The vacuum separation between the top of the surface and the bottom of its image along z was 12.44 Å. Only the stoichiometric surface was considered in this study, because it is known that clusters of Pt and Pd whose d-AOs are so full avoid O vacancies, unlike clusters on Au that have a high affinity to them, because of the relativistic stabilization of the 6s-AOs in Au. The atomic charges were assigned through the Bader analysis. [38] [39] [40] For clusters in the gas phase, we used the UTPPSh, 41 CASSCF, [42] [43] [44] [45] [46] [47] and MP2 48-53 levels of theory with the aug-cc-pVTZ+ECP basis set 54 implemented in Gaussian 09. 55 We used these calculations to confirm the adequate performance of PW-DFT for the studied systems. The results were found to agree across theoretical methods, as shown in the ESI. † All data presented in the main text were obtained using PW-DFT, for consistency. The MOs were plotted at the G point, using the periodic implementation of DFT in Quantum Espresso. The search for the global minimum structures in the gas phase was done using our Gradient Embedded Genetic Algorithm (GEGA) 56, 57 at UPBE/LANL2DZ. The searches on the supporting surface were done by hand, using the gas phase local minima as guidance. The GEGA produced a highly diverse population of 2-D and 3-D minima, which were then placed on the support in different ways, as starting points in the search. We realize the inherent deficiency in this process, and adopt it only as a compromise in view of exceptional cost of the stochastic search for supported clusters.
Results and discussion
Cluster structures Table S1 ). There is a remarkable change in structure as the clusters undergo surface deposition. Both Pt 5 and Pt 4 Zn have a 3-D trigonal-bipyramidal shape in the gas phase. This is a clear indication of delocalized bonding governing the globular shapes of these clusters, as is the case in many metallic clusters. There are also 2-D isomers, found to be at least 0.31 eV higher in energy for Pt 5 and 0.11 eV for Pt 4 Zn. However, on MgO(100) both clusters become planar. Most unusually, they do not lie down and wet the support; instead, they stand upright in a planar trapezoidal form. This remarkable structural effect attracted our attention, and resulted in this communication. The deposited clusters also have isomers that have 3-D shapes ( Fig. 1 ), but those are found to be significantly less stable. In Table 1 we report relative energies, atomization energies, and cluster-surface binding energies for the clusters of interest.
Why flat and upright?
We aimed at gaining understanding as to why the clusters undergo planarization upon deposition, from the point of view of their electronic structures. First, as depicted in Fig. 2 , it is 16, 17 we suspected that this present change in morphology was due primarily to charging. We performed a separate automated search for the global and local minima of the anionic Pt 5 À and Pt 4 Zn À clusters in the gas phase. It was found that, indeed, the Pt 5 À and Pt 4 Zn À anions are planar in their global minimum forms ( Fig. 3 ). They also have 3-D isomers close in energy (Table S1, ESI †), but the point is that planar structures are majorly stabilized. In Fig. S2 and S3 (ESI †) we compare the valence MOs (Bloch states plotted at the G point) of the gas phase anions with À1 charge to those of the clusters on the MgO(100) support. One may see that these wave functions look nearly identical, only allowing for some mixing with the states of the surface O atoms in the MgO-supported case. Thus, the bonding within the anion is not too severely perturbed by the surface.
In what follows, we argue that planarization is due, in large, to the second-order Jahn-Teller effect, which also can be called partial covalency. [57] [58] [59] First, consider a much simpler system, the Li 5 À cluster, which has been extensively characterized theoretically and experimentally. 60, 61 This cluster has three competing isomers: the flat trapezoidal isomer (just like Pt 5 À and Pt 4 Zn À ), the trigonal bipyramidal isomer (similarly to the present 3-D clusters), and a square pyramidal isomer. The chemical bonding in the two systems is radically different (Fig. S4, ESI †) . The light atom of Li mostly uses its 2s atomic orbitals (AOs) for bonding in clusters. The overlap of the spherically-symmetric 2s-AOs is maximized when the shape of the cluster is as compact and connected as possible, i.e. as in the 3-D isomer. With such a simple electronic constitution, the ''globular'' clusters of Li have been most successfully described using the superatom model. 62 Basically, this model views the MOs of a cluster being gigantic analogues of the hydrogen-like AOs populated in accord with the Aufbau principle and Hund's rule. However, the reason why the flat Li 5 À cluster is also so stable was puzzling. In it, the maximal globular overlap is jeopardized, so it should be highly unfavorable. The reason for this stabilization is in the second order Jahn-Teller effect. The ''central'' Li atom in the flat isomer (position analogous to Pt#3 in Fig. 4 ) undergoes a significant 2sp-hybridization of AOs, i.e. recruits the 2p-AO into the chemical bonding in this anion. The hybrids form more directional, covalent overlaps with the rest of the electron density in the cluster (Fig. S4 , ESI †). Partial covalency is responsible for favouring the planar geometry. The partial covalent bonding effect has been attributed to several other planar metallic clusters, with more complicated electronic structures, LiNa 5 À , 63 ration, and likes to be inert. In order to bind to other atoms in the cluster, it has to promote electrons from the 5d-to the 6s-set and also the 6p-set. The 6s and 6p-AOs then contribute to bonding MOs, and the hole(s) left behind in the 5d-set also increase the overall bonding character. This situation is analogous to that in Pd clusters. 6, 13 With an additional electron being added to make an anion, there is a chance to further use more 6s-and also 6p-AOs on Pt in the valence set. Indeed, the Natural Bond Order 65 analysis performed at the UTPPSh/ aug-cc-pVTZ level of theory shows for the trapezoidal clusters 6p-AOs are close enough in energy to the 5d-AOs, and so they mix, making it impossible to uncover their isolated contributions to the MOs. We therefore operate rather blindly, and rely on the mixing observed in the p-DOS (contributions from the 6p-AOs are outlined in blue in Fig. 4 ).
To further demonstrate the presence of the second-order Jahn-Teller induced distortion, calculations on the gas phase anionic cluster of a perfect pentagon (found to be D 5h , 4 E 2 0 ) were performed. It is a saddle point, and the imaginary frequency of 70i cm À1 in it leads to the C 2v structures a and b in Fig. 3 . We hypothesize that this normal mode vibronically couples the valence set with the higher-energy 6p-AOs for an increased covalent overlap. The symmetry of the vibration that causes the coupling must be contained in the reducible representation that is a direct product of the reducible representations corresponding to the two MOs in the D 5h system that undergo the mixing. 66, 67 One of these MOs needs to be occupied, and the other needs to be vacant, and they have to be fairly close in energy. The symmetry of the vibration leading from the pentagon to the trapezoidal structures is e 2 0 . By examining the MOs near the HOMO-LUMO gap in the anionic D 5h cluster (Fig. 5) , we identified the HOMO (e 1 0 ) and the LUMO + 1 (e 2 0 ) in the spin-a set as the orbitals that we need.
These MOs are ca. 1.0 eV apart in energy. Their direct product:
produces a reducible representation that, upon acting with the projection operator, appears to contain the e 2 0 irreducible representation, corresponding to the vibration leading to the distorted planar structures. Furthermore, the LUMO + 1 is rich in the 6p-contributions, as seen from the expansions of the wave function as a linear combination of the atomic orbitals. Fig. 5 illustrates the onset of the second-order Jahn-Teller effect desymmetrizing the structure toward the trapezoid. Thus, we establish that the formation of the distorted planar shape is facilitated by the engagement of the 6p-AOs on Pt into chemical bonding through the second-order Jahn-Teller effect. It is another way to say that the cluster exhibits partial covalency facilitated by 6sp-hybridization. The analogous exercise for the Zn-doped case is not possible, because the pentagonal and trapezoidal structures belong to the same symmetry point group in this case. However, we dare to generalize the effect to the Pt 4 Zn À cluster as well. Thus, even though the delocalized globular overlap is jeopardized in the planar structures, they are stabilized by the partial covalency instead, and this is the reason for the anions to go planar.
The fact that small metallic clusters can exhibit partial covalency is curious, and has been seen in a few cases so far. 60, 61, 68 The corresponding metals and alloys have metallic bonding and no signs of covalency in the bulk. When covalency is attainable, it is known to be a more stabilizing bonding effect than delocalized bonding, and so it makes cluster structures flat and distorted. 68 However, from energy considerations, charging of clusters is not the only cause of their planarization upon surface deposition. Compare the energy differences between the lowest-energy 2-D and 3-D isomers of the anion in the gas phase ( Fig. 3) to those of the formerly neutral (though charged by the support) clusters on the support (Fig. 1 ). The energy difference between the 3-D and 2-D isomers of the anionic gaseous clusters is 0.2 eV, comparing (b) and (c) in Fig. 3 , and that of the supported clusters is 0.65 eV, shown in Fig. 1 , for Pt 5 . For Pt 4 Zn, it is 0.11 eV versus 0.5 eV, respectively. This indicates that the support provides constructive bonding interactions, further favouring planar structures. One thing to observe from p-DOS (Fig. 4) is the development of covalent bonds between the Pt atoms and the O atoms in the MgO surface. These contributions to the p-DOS are outlined in red in Fig. 4 . Maximizing these covalent interactions is key to the stabilization of planar structures provided by the support.
Finally, the reason why the sub-nanoclusters stand upright has to do with the matching of the cluster geometries with the positions of the surface oxygen atoms. Consider the potential energy surfaces (PESs) for the Pt and Zn monomers (uncharged) moving on the MgO(100) surface (Fig. 6 ). The regions of the O atoms are substantially more attractive than the regions near the Mg atoms for both monomers. Although it is a crude approximation to be thinking of individual monomers as models for atoms in the clusters, in clusters too, we see that the cluster-surface interactions happen at O atoms. Additionally, the wells on the PES for Pt are an order of magnitude deeper than those for Zn. This reflects the tendency of Pt to form covalent bonds to surface O atoms; O and Pt are closer in electronegativities than O and Zn are, and so when Pt and Zn atoms form a cluster, it is Pt that preferentially interacts with the support, despite the electrostatic attraction between the negatively charged O atoms and the positively charged Zn in the cluster. Next, putting the flat clusters down on the support would produce configurations where the Pt and Zn atoms from the top of the cluster would face contacts with surface Mg atoms. Therefore, horizontal structures are unfavourable, and clusters stand up-right. The configurations were artificially created where the clusters would lay flat; upon geometry optimizations these go to the up-right positions, indicating that there are not even metastable minima corresponding to horizontal clusters.
Conclusions
This theoretical study shows that Pt based clusters, Pt 5 and Pt 4 Zn, change their shapes from the gas phase trigonal bi-pyramidal structure to planar trapezoidal that stand up on the MgO(100) surface. This phenomenon is uniquely observed in sub-nano Pt clusters on magnesia, and not seen for larger clusters. The morphology change is found to be due to several effects. First of all, it is cluster charging by taking ca. 1 e from the support, and anionic clusters in the gas phase are also flat. Planarization of the anions is due to recruitment of both 6s-and 6-p-AOs on Pt into chemical bonding leading to partial covalency, or a second order Jahn-Teller effect. Covalency is a strong bonding effect, due to its directional character; it is normally attributed to organic molecules, but recently has started to be recognized in all-metal clusters of very small sizes. This fundamental chemical bonding effect counteracts optimal delocalized bonding in defining cluster shapes, and, more specifically, drives clusters from globular to flat and distorted. In this work, we, for the first time, observe this effect in surfacedeposited clusters. In view of the potential importance of the studied clusters in catalysis, covalency as a stabilizing and restructuring effect is important to recognize and desirable to use as a cluster design tool. Another contribution to the planarity of the deposited clusters is the maximization of the Pt-O covalent bonding with the surface. Due to matching of the positions of the cluster atoms and the lattice in the up-right structures, these configurations are preferred over the horizontal ones, where unfavourable interactions with the support would need to be accepted. Fig. 6 PESs of (a) Pt and (b) Zn monomers on the MgO(100) surface. The unit cell contains two Mg and two O atoms, whose locations are labelled on the PESs. Note the difference in energy scales for the two monomers.
